Free-standingsingle-walledcarbonnanotube/SnO 2 (SWCNT/SnO 2 ) anodepaper was prepared by vacuum filtration of SWCNT/SnO 2 hybrid material which was synthesized by the polyol method. From field emission scanning electron microscopy and transmission electron microscopy, the CNTs form a three-dimensional nanoporous network, in which ultra-fine SnO 2 nanoparticles, which had crystallite sizes of less than 5 nm, were distributed, predominately as groups of nanoparticles on the surfaces of singlewalled CNT bundles. Electrochemical measurements demonstrated that the anodepaper with 34 wt.% SnO 2 had excellent cyclic retention, with the high specific capacity of 454 mAh g −1 beyond 100 cycles at a current density of 25 mA g −1 , much higher than that of the corresponding pristine CNT paper. The SWCNTs could act as a flexible mechanical support for strain release, offering an efficient electrically conducting channel, while the nanosized SnO 2 provides the high capacity. The SWCNT/SnO 2 flexible electrodes can be bent to extremely small radii of curvature and still function well, despite a marginal decrease in the conductivity of the cell. The electrochemical response is maintained in the initial and further cycling process. Such capabilities demonstrate that this model hold great promise for applications requiring flexible and bendable Li-ion batteries. 
with 31 wt.% of SnO 2 had excellent cyclic retention, with the high specific capacity of 454 mAh g -1 beyond 100 cycles at a current density of 25 mA g -1 , much higher than that of the corresponding pristine CNT paper. The SWCNTs could act as a flexible mechanical support for strain release, offering an efficient electrically conducting channel, while the nanosized SnO 2 provides the high capacity. The SWCNT/SnO 2 flexible electrodes can be bent to extremely small radii of curvature, and still function well, despite a marginal decrease the conductivity of the cell. After bending, the conductivity of the cell is 4.8 × 10 -4 S·m -1 , which is slightly lower than that of the cell that was no subjected to bending (5.2 ×
Introduction
There has been more interest recently in flexible and bendable energy storage devices, especially in the field of lithium ion batteries [1] [2] [3] . Recent advanced technology in various types of soft portable electronic equipment, such as roll-up displays, wearable devices, and implanted medical devices, requires development of flexible batteries as their power sources. Active radiofrequency identification tags and integrated circuit smart cards also require bendable or flexible batteries for operation in daily use [4, 5] . Typically, lithium batteries consist of a positive electrode and a negative electrode spaced by a separator, which is soaked in an electrolyte solution [6] . Each electrode is formed from a metal substrate that is coated with a mixture of an active material, an electrical conductor, a binder, and a solvent. This type of electrode is not suitable for flexible or bendable batteries, because a metal substrate is used to support the active materials. The active material layer will be damaged or peeled off from the substrate if it is bent. Therefore, the development of free-standing flexible electrode materials is important for flexible and bendable energy storage devices. Recent reports show that paper-like material could be adopted as a key element for application in a flexible lithium rechargeable battery, by embedding it with aligned carbon nanotube (CNT) electrode or integrating it with CNT film into a single sheet of paper through a lamination process [7, 8] . Flexible electrode based on free-standing graphene paper also has been reported by Gwon et al. [9] .
Single wall carbon nanotubes (SWCNT) are a promising option for lithium ion batteries due to their one-dimensional structure with high length-to-diameter ratio, combined with high porosity and high surface area [10, 11] . In addition, the outstanding physical properties of SWCNTs, such as high theoretical tensile strength, high electrical conductivity, and high flexibility, make SWCNTs potentially useful for producing flexible and bendable free-standing electrodes [12, 13] . Although SWCNTs have several advantages, their practical capacity based free-standing electrode materials, is still low, less than 200 mAh g -1 after 100 cycles [14, 15] . SWCNTs are formed when a graphene sheet is folded to form a cylinder. These cylinders usually aggregate into bundles, which consist of SWCNTs held together by van der Waals forces [16] . These bundles are expected to display a higher capability for intercalating lithium atoms and consequently higher energy storage capacity. In the ideal case, this gives enhanced anode stoichiometry of LiC 2 [17] . The superior battery performance of SWCNTs depends on the ability of lithium ions to enter and leave the nanotube interior at a reasonable rate. This rate can be improved if the lithium ions reach the interior through topological defects on the side walls and open ends. As a matter of fact, in the experiments carried out by Gao et al. [18] , the intercalation density was improved up to Li 2.6 C 6 after ball milling, suggesting that the ballmilling process creates defects and breaks the nanotubes, allowing the lithium ions to intercalate inside the nanotubes. However, in this work, we have tried to improve the practical capacity of SWCNTs by hybridizing an electrochemically active second phase with higher capacity on the surface of the SWCNTs by the reflux process.
Tin dioxide is one of the most promising candidates as a second electrochemically active phase to incorporate into carbon-based free-standing electrode for higher specific capacity, due to its own higher specific capacity (781 mAh g -1 ) [19, 20] and the environmental friendliness of its raw material processing [21] . However, anodes of such high capacity usually suffer severe capacity fading, stemming from both the quick aggregation of tin particles and the huge volume change (over 300%) during Li + insertion/extraction cycles, which causes pulverization of the anodes and electrical detachment of active materials [22, 23] . Reducing the material's size down to the nanoscale and dispersing the material into mesoporous structures have proved very effective in solving these problems in similar systems [24] [25] [26] . There have already been some reports of applying inorganic -CNT composites as high-capacity anodes for lithium-ion batteries (LIBs) , but all of these composites were prepared using CNTs as collectors for sediments, so carbon black and polymer binders had to be used to lower the resistance and hold the electrodes together [24, 27, 28] . In contrast, self-supported SWCNT films have been demonstrated to be very attractive candidates for free-standing (not needing any current collectors) and binder-free anodes in LIBs. These will not only significantly improve the specific mass capacity of practical LIBs, but also lower the manufacturing costs. In addition, mesoporous structures of free-standing SWCNT film should be able to effectively accommodate huge volume changes, thereby significantly improving the cycling performance of high-capacity electrodes. Zhang's group has reported binder-free, cross-stacked carbon nanotube sheets with uniformly loaded SnO 2 nanoparticles [29] .
Although the composite sheets showed high electrochemical performance with 100 % capacity retention for at least 65 cycles, the synthesis method is quite complicated and time consuming.
In our present work, free-standing SWCNT/SnO 2 anode paper was prepared by a two-step fabrication method. The anode paper shows several advantages. First, SWCNTs can act as a flexible and highly conductive matrix, which can not only accommodate the large volume changes that accompany charge/discharge in tin dioxide, but also provides good contact for the SnO 2 -based materials. Second, the deposited SnO 2 can improve the total specific capacity of the SWCNT paper. Finally, the binder-free nature of the anode paper also contributes to the low cost and environmental friendliness of the whole electrode fabrication process.
Experimental

Preparation of SWCNT/ SnO 2 hybrid material
The SWCNT/SnO 2 hybrid material was prepared in the molar ratio of Sn : C of 0 
Preparation of free-standing SWCNT/ SnO 2 paper
To make a uniform paper, a vacuum filtration technique was adopted [30] with some modifications in our group [14, 15] , such as using a 3-piece filter funnel (Whatman).
In a typical procedure, 20 mg of SWCNT/SnO 2 hybrid material was dispersed into 1 wt.% of Triton X-100 surfactant (Sigma-Aldrich) in 50 mL of distilled water. The suspension was then ultrasonically agitated using a probe sonicator for 30 min. The as-prepared suspension was poured into the funnel and filtered through a porous polyvinylidene fluoride (PVDF) membrane (Millipore, 0.22 μm pore size, 47 mm in diameter) by positive pressure from the vacuum pump. Since the solvent could pass through the pores of the membrane, the SWCNT/SnO 2 hybrid was trapped on the membrane surface, forming a dark mat. The resultant mat was then washed twice using distilled water, followed by ethanol to remove any remaining surfactant. The mat was allowed to dry overnight at room temperature. Finally, the mat was peeled off from the PVDF membrane, and a SWCNT/SnO 2 paper was obtained. To obtain highly crystalline SnO 2 , the paper was heated at 300 o C for 30 minutes in air. For comparison, pure free-standing SWCNT paper was also prepared using the same method.
Physical characterization
Phase analysis was carried out by powder x-ray diffraction (XRD) using a GBC MMA Xray generator and diffractometer with Cu Kα  radiation at a scanning rate of removing a small piece of the paper and mounting it on a folding copper mesh oyster grid.
Electrochemical measurements
Square model electrodes were cut off from the obtained free-standing paper. The 
Results and discussion
Figure 1 In the case of the SWCNT/SnO 2 sample , the polyol method can typically produce nanosize SnO 2 particles [35] . In order to confirm the presence of SnO 2 nanoparticles in the anode paper, the TEM samples were prepared by removing a small piece of the anode paper and mounting it onto a folding copper mesh oyster grid. Figure 3 shows TEM images of the SWCNT/SnO 2 sample. The ultra-fine SnO 2 nanoparticles, which had crystallite sizes of less than 5 nm, were distributed, predominately, as groups of nano particles on the surfaces of parallel packets or bunches of single walled CNTs (Fig. 3(a)-(d) ). Closer examination revealed the occurrence of isolated, looped and tangled SWCNTs (marked as T in Fig. 3(a) , as single tangled CNTs in Fig. 3(b) ), and which can be seen by inspection of Fig. 3(c) ). It is believed that these features, assisted in the attachment of the SnO 2 nanoparticles to the bunches of SWCNTs. Selected area electron diffraction revealed fine spotty ring patterns of interplanar d hkl -spacings consistent with SnO 2 (inset, Fig. 3(d) ).
High magnification imaging revealed SnO 2 lattice fringes (inset, Fig. 3(d) ) and contrast consistent with the highly tangled nature of many of packets of SWCNTs. Li/Li + is attributed to the formation of the solid electrolyte interphase (SEI) layer [36] , as shown in Fig. 4(a) . The SWCNT sample exhibits a broad SEI formation peak, indicating that the kinetics of the SEI formation is low. An extra peak at 1.2 V is clearly observed for the SWCNT sample and is attributed to the reduction of surface species containing oxygen [15, 37] . The CV curves for the SWCNT/SnO 2 paper clearly indicate an irreversible reaction during the first discharge, with a reduction peak in the range of 1.1 -1.2 V, as shown in Fig. 4(b) and (c). Courtney et al. reported that tin dioxide reacts with lithium in a two-step process, as follows:
The reduction peak in the range of 0.9 -1.0 V can be ascribed to the formation of Sn metal in the Li 2 O matrix (Eq. 1), which only happens in the first discharge cycle [22, [38] [39] [40] . The rapidly and formed a plateau at about 0.75 V during the first discharge process, which was attributed to the decomposition of the electrolyte (the formation of the SEI film) [18, 41] .
Subsequently, the voltage gradually decreased, delivering a sloping discharge curve at about 0.15 V, with specific discharge capacity as high as 1459 mAh g −1 , while for the SWCNT/SnO 2 sample, the discharge capacity could reach up to 1851 mAh g −1 . In the SWCNT/SnO 2 sample, the position of the first voltage plateau is shifted to between 1.1 -1.2 V, which corresponds to the formation of Sn metal in the Li 2 O matrix [22, [38] [39] [40] . In the voltage range of 1.1 -1.2 V, no wide plateau is present, and it is only observed that the drop in the potential changes rapidly in the region of 0.5 -1.25 V, as shown in Fig. 4(d) .
Moreover, a flat plateau is observed at low potential (< 0.5 V), which is attributed to the formation of Li x Sn, as described in Equation (2) . During the charge processes, prominent voltage plateaus appear at about 0.5 V for the SWCNT/SnO 2 sample, which is attributed to the release of lithium ions when the Li x Sn decomposes (Eq. 2). All these data agree with the cathodic and anodic peak potentials in the cyclic voltammograms.
The discharge capacity versus the number of cycles for cells made from the SWCNT and SWCNT/SnO 2 paper is shown in Fig. 5(a) . It can be seen that the discharge capacity is maintained above 187 mAh g −1 and 454 mAh g −1 beyond 100 cycles for SWCNT and SWCNT/SnO 2 paper, respectively. The results show that the discharge specific capacity of the SWCNT/SnO 2 paper is superior to that of the SWCNTs (187 mAh g −1 ) because SnO 2 nanoparticles as the active second phase contribute to enhancing the capacity performance of the electrode during cycling. It is well known that the capacity loss in SnO 2 is caused by stress-induced material failure arising from the volume changes in charge and discharge cycling processes. However, the SWCNTs in the hybrid sample are useful for keeping the SnO 2 nanoparticles in good electronic contact and conferring the ability to accommodate the volume changes. The excellent electron and ion transfer kinetics associated with CNTs also contributes to the superior electrochemical performance of the SWCNT/SnO 2 by lowering the internal resistance for both electrons and lithium ions, so as to facilitate the de-alloying reaction over the small surface area of the SnO 2 particles [27] . Even though the volume expansion still occurs, the electrode is not pulverized, as is clear from Fig. 5(b) . On the other hand, the specially designed freestanding film materials, integrating the active materials and the current collector into the one flexible film, can prevent loss of the electrical contact between the active materials and the substrate, which normally occurs for the conventional electrode [42] . The high rate capability of the free-standing, binder-free SWCNT/SnO 2 electrode upon cycling is demonstrated in Fig. 5(b) . The flexible, binder-free SWCNT/SnO 2 electrode is very stable, with a slight decrease in specific discharge, to about 186 mAh g -1 , when cycled at current densities up to 1,200 mA g -1 .
Therefore, in order to verify the electronic conductivity of the SWCNT/SnO 2 paper, electrochemical impedance spectroscopy (EIS) measurements were carried out on the SWCNT/SnO 2 sample using a sine wave of 10 mV amplitude over a frequency range of 100 kHz -0.01 Hz. To achieve stable SEI formation and the percolation of electrolyte through the electrode materials, the impedance measurement was performed after running charge-discharge for 5 cycles and 100 cycles at a discharged potential of 0. Table I shows parameters of the equivalent circuit for the SWCNT/SnO 2 sample after fitting the diameter of the semicircular curve. It is found that the size of the depressed semicircle in the middle frequency range for the SWCNT/SnO 2 sample after 5 cycles is lower than for after 100 cycles, revealing lower charge transfer resistance (R ct = 393.98 Ω) in the SWCNT/SnO 2 sample. This indicates that the electronic conductivity of the SWCNT/SnO 2 sample at initial cycling was enhanced due to the SWCNTs and the good dispersion of the tin particles in the surface of these SWCNTs, which protected the particles from agglomeration during the initial cycling process. However, after 100 cycles, the electronic conductivity of the SWCNT/SnO 2 sample appears slightly lower than in the initial cycles due to the formation of agglomerates on a small scale, decreasing the surface area in the interparticle contact of the tin particles with the surface of the SWCNTs [43, 44] , as is shown in the FE-SEM image of Fig. 6(b) .
Bending-state electrochemical tests on the free-standing electrode were conducted using a flexible and bendable cell, as shown in Fig. 7(a) . To understand the electrochemical behaviour of free-standing electrodes under bending, the flexible and bendable cell was tested when it was bent inwards to 180 o ( Fig. 7(b) ). The capacity of the bent cell is slightly lower compared with the cell that was not subjected to bending (Fig.   7(c) ). In order to explore the reason, the conductivity of the cell before and after bending was measured by EIS, as shown in Fig. 7(d) . The results show that the application of a tensile stress decreased the conductivity of the electrode [45] . After bending, the conductivity of the cell was 4.8 × 10 -4 S·m -1 , which is slightly lower than that of the unbent cell (5.2 × 10 -4 S·m -1 ). Although the conductivity of the bent cell decreased, the freestanding electrode is still function well. This suggests that the strain associated with the bending radius is not sufficient to physically crack the working electrode and therefore the structure of the free-standing electrode is not significantly altered by bending test.
Conclusions
Free-standing SWCNT/SnO 2 anode paper was prepared by vacuum filtration of SWCNT/SnO 2 hybrid material, which was synthesized by the polyol method. In the SWCNT/SnO 2 paper, the CNTs form a 3D nanoporous network structure, with SnO 2 particles deposited onto the surface of the SWCNTs in selected sites. The SWCNT/SnO 2 paper shows high specific discharge capacity, as great as 454 mAh g -1 at a current density of 25 mA g -1 , and very stable cycling stability up to 100 cycles compared to the pristine 
